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Abstract 
This paper treats tolerance engineering from an organizational perspective. It examines the efforts an industrial company 
undertakes to understand their current Tolerance Engineering (TE) practice and its improvement potential. Organizational aspects 
of TE represent a scarcely researched area beyond the traditional focus on tolerancing tools and methods. A survey was 
conducted among industry professionals from design, Quality Assurance (QA), process and manufacturing within one company. 
The survey applied the principles of "Closed Loop Tolerance Engineering” (CLTE) yielding 102 answers on their practice on 
tolerancing, robustness and variation and other aspects of the TE. This empirical data describes similarities and differences in the 
engineering practice between Divisions and across seniority, education and functional discipline. The results from the survey 
provided a basis for collaborative discussions in the company and in this paper. Further research is proposed. 
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Tolerances are typically defined at an early stage of product 
development (PD) [1]. This stage represents the “developer’s 
dilemma” as decisions with a large impact on cost are taken, 
without insight into all limiting conditions [2]. It is important 
to scrutinize legacy tolerances based on previous design 
thoroughly to avoid transfer errors [3]. Despite good industrial 
design practice, inappropriate tolerance definitions still occur 
as Zhang states “many parts and products are certainly over-
toleranced or haphazardly toleranced, with predictable 
consequences” [4]. The resulting negative effects of 
inappropriate tolerances related to increased cost and lacking 
product quality will emerge at a later stage of the product-
development [5]. At this stage tolerance definitions can be 
changed into appropriate ones only with a very large effort [6] 
and many man-hours spent [7]. Substandard TE practice can 
be hidden outside of the field of attention of the organization 
as loss of quality and increased cost becomes visible long after 
tolerance definitions are made; or as [8] states; “all industry is 
suffering, often unknowingly, of the lack of adequate academic 
attention on tolerances”. Some underlying reasons behind 
challenges to industrial TE practice might be that Geometrical 
Dimensioning & Tolerancing (GD&T) has “gradually been 
removed from the curriculum at universities and has been 
replaced by other product development courses” [8]. 
Tolerances are not limited to the domain of geometrical 
parameters but apply to all limits of specification related to 
“product or process parameters” within mechanical, electrical 
and chemical engineering. Good TE also includes a unified 
language [9] within the engineering team. In the domain of 
geometry GD&T [10] represents this "tribal" language, but 
within other domains there exists no “mutual dictionary”. 
Further; PD literature has a rich set of engineering models 
[11], strategies [12] and approaches [13] with different foci. A 
comprehensive listing of selected models [2] does however 
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show a low explicit focus on tolerances as such. Not only have 
tolerances low explicit attention within industry, academia and 
PD literature; managers are lacking tools to address 
tolerancing activities. Where recent management initiatives 
focus explicitly on variation (TQM and Six Sigma) [15], or 
collaboration, visualization and flow (Lean, Lean Six Sigma) 
[16,17], few management toolboxes focus explicitly on 
tolerances. Both Lean and Six Sigma originates from quality 
initiatives applied within manufacturing [18], but have in the 
recent years been moved “upstream” and adapted to fit the 
activities within PD [19,20,21]. There exists a plentiful set of 
suggestions on how to implement the principles within an 
organization for both Lean- [22] and Six Sigma-inspired [23] 
approaches. Several lessons learned have been captured on 
how they can be adopted within an organization [24,25] and 
the potential resistance it might face [19,26]. Tolerances lack a 
similar “toolbox” for management attention and organizational 
change. It has been handled with a high degree of technical 
focus [27,28] and either; (a) kept its focus on tolerancing 
norms or standards [29,30], or (b) communicated the content 
of the established [9,10] /coming [31,32] tolerancing language 
within the domain of geometrical limits. This paper applies the 
following definitions for key tolerance concepts. 
Tolerances: Limits of product- & process parameters. 
TE: Engineering activities directly focusing on tolerances.  
Tolerancing: Activities towards a manufacturing recipe. 
Tolerancing is hence a subset of TE activities, where 
tolerances are part of the communicating language. 
Researching industrial TE practice from an organizational 
perspective has been challenging due to few known research 
models. Recent contributions have proposed the conceptual 
model [33] of Closed Loop Tolerance Engineering (CLTE). 
 
 
Fig. 1. The CLTE-model 
CLTE (Fig. 1) is defined to be “the systematic and continuous 
re-use and understanding of product-related knowledge, with 
the aim of designing robust products and processes with the 
appropriate limits of specifications”. CLTE addresses TE 
actvities not limited to the traditional activities of tolerance-
specification [34], -allocation [35], -modelling/-optimization 
[36,37,38,39] synthesis or –transfer [40,41]. Good TE practice 
is hard to research due to its omnipresence and the short time-
frame in which parameter limits are defined vs. product 
lifetime. Appropriate TE hence includes the collaborative 
ability to detect the “critical situations” [42] of PD. A critical 
situation is the decision-making between a desirable or 
negative consequence in the future. CLTE is distinguished 
from other PD approaches by representing the “skilled 
knowledge-based collaboration with a specific focus on the 
importance of defining appropriate tolerances”. 
2. Methodology 
The empirical data for this paper was collected in a survey 
as a part of an ongoing research project within an industrial 
PD and manufacturing company in Norway. The web-based 
survey was designed according to [43] and carried out within 
large parts of the PD community. Including; all design 
engineers, project engineers and PD-leaders. Additionally; the 
main part of QA, process engineers and leaders/foremen 
within the manufacturing unit were also included. The survey 
was chosen in order to gather broad and rich data [44] on the 
engineering practice related to tolerances and variation from 
different functional areas. Initial survey questions mapped 
anonymously the respondent’s Division, level of education, 
seniority at the company, leadership responsibility (y/n). In 
addition they placed themselves on a sliding scale related to 
their work content and their perceived belonging to either the 
PD department or the manufacturing department. 
 
 
Fig. 2. Sliding scale assignment 
Statements relating to the current practice on topics of 
tolerances and variation were presented to the participants. 
The answers were given on a 6-level Likert-scale ranging 
from 1 (don`t agree) to 6 (fully agree). This is called a “forced 
option” [45] and prevents the selection of a neutral alternative. 
Nearly 80 statements addressed different activities related to 
TE. Statistical data was extracted based on individual 
statements and groups of statements clustered according to the 
CLTE-model prior to analysis. Altogether 102 out of 147 
invited responded to the survey resulting in a response rate of 
69%. Data was exported to the statistical tool SPSS and 
analyzed. Subsequent to data gathering and analysis; the 
results were presented and discussed within the company with 
the purpose of raising the awareness to organizational 
challenges related to tolerances and variation. Some proposals 
for specific actions were defined during those meetings. The 
CLTE-model has previously been applied for research based 
on semi-structured interviews [14]. Unlike large management 
initiatives successfully contributing to organizational change 
such as Lean [16,46] and Six Sigma [19,47] no such initiative 
exists within the domain of TE [7]. Although not specifying 
toolkits to increase organizational awareness on TE 
importance; this survey aims to show ways of mapping and 
understanding TE practice. The survey findings can thereby 
ideally be a starting point for improving current TE practice. 
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3. Results 
The survey gathered both quantitative and qualitative data 
related to the current and the desired way of working on 
tolerances and variation. It was possible to determine relative 
differences between Divisions, functional areas, level of 
education and seniority. The company product portfolio has a 
large variety ranging from high volume mechanical products 
to relatively low volume products with mechanical, electronic 
and chemical components. A large degree of the PD and 
manufacturing capacity is performed in-house. High precision 
is needed in several manufacturing processes due to the 
product characteristics. The company is organized into two 
Divisions with clear differences in product characteristics 
related to part price, product complexity, manufacturing 
volume etc. The two Divisions have to a large extent separate 
staff and production facilities, although the PD department to 
a large extent is co-located and some parts of the 
manufacturing volume are shared between the Divisions. The 
different characteristics of the Divisions are displayed in the 
table below (Tab. 1). 
Table 1. Characteristical differences between Divisions. 
Organizational differences. Division A Division B 
Degree of new product development 
Manufacturing facilities 
High 
Centralized 
Medium 
Several sites 
Product characteristics Low volume  High volume 
Customer contact Close More distant 
The approx. 80 statements on individual and organizational 
practice on TE did yield response covering large parts of the 
Likert-scale with mean values (M) ranging from 5.40 to 2.34. 
At the very upper end the statement (S0) “tolerance definition 
is an important activity within PD” (M:5.40/Standard 
Deviation (St.D.) 0.78) with small differences between the 
Divisions which indicates a coherent perception of tolerance 
definition importance. Other examples of high ranked 
statements were “I look at my work as a place for learning and 
personal growth” (M:5.02/St.D.0.94) and “We as an 
organization are currently working better on tolerances and 
variation than a few years ago” (4.87/0.94). All examples 
provide data indicating a good starting point for further 
improvements on TE as tolerances are already in the 
awareness of the employees, their willingness to learn and 
develop combined with their positive perception of the current 
positive development on TE within the company.  
At the lower end of the scale the by far lowest score was 
given to the statement “We are applying Design of 
Experiments (DoE) within PD and manufacturing“ 
(2.34/1.16), the differences between the Divisions were 
visible. Another interesting statement was the relatively low 
ranking of “We as an organization are good at implementing 
knowledge gained through courses and education” (3.27/1.17) 
with no differences between Divisions. This statement 
indicates similar challenges to fully utilize the knowledge 
potential from the courses. There are plentiful reasons for the 
statement to be low ranked. Some reasons mentioned in the 
communication of the results were; too low formalization of 
the personal commitment to apply course knowledge prior to 
the course start, lacking time to properly “sit down and apply” 
the new skills or insufficient attention to the existing new 
skills in the organization among project leaders etc. Another 
interesting statement worth to mention is “We have a manager 
who focuses directly on tolerances and variation” (3.40/1.20). 
This can be seen as an encouragement for technical managers 
to more frequent “dive down” to the low level of technical 
specifications.  
3.1. Differences between Divisions 
Some of the significant differences (results Tab. 2) found in 
the survey can be explained with support of the characteristics 
(Table 1). Division B (Div.B) ranged the statement (S1) “We 
apply statistical process control (SPC) to a large extent” 
larger than Division A (Div.A). The difference is significant 
(p=0.02) according to the t-test (95% CI) applied. The 
establishment of a thorough and modern inspection strategy 
within the Div.B manufacturing department over the last few 
years supports the latter. Still the large SD value in Div.B 
indicates a potential in communicating this practice within the 
PD-community. A challenge is found in applying and utilizing 
manufacturing knowledge (S2) with a general low score 
(M:3.78). Still the higher awareness in Div. B is worth 
noticing as the “PD engineers” to a large extent are co-located 
and can access the same computer support systems (including 
the SPC-viewer software package). Another significant 
(p=0.01) difference between the Divisions was found in the 
ability to utilize manufacturing knowledge (S3). In the internal 
communication of these results one obvious explanation was 
found in the largely co-located nature of the manufacturing 
facilities in Div.A. This Division had established a culture for 
knowledge exchange between design- & process engineers 
and manufacturing employees in recent years. Examples how 
the daily exchange of information improved are; kick-off 
seminars and “residence offices” for PD engineers in the 
manufacturing facilities. 
Table 2. Statistical values; differences between Divisions A & B 
S: Statement topic Div. A 
[M/St.D] 
Div B 
[M/St.D] 
1 We apply SPC to a large extent 3.26/1.31 4.21/1.53 
2 our PD engineers have good access to 
manufacturing capability data 
3.58/1.42 3.94/1.24 
3 our PD engineers are good at utilizing 
knowledge for met manufacturing department 
4.17/0.93 3.67/0.87 
4 we pay large attention to product-/process-
reviews within PD 
4.40/0.99 3.79/1.04 
Several other significant differences were found in the 
areas of; knowledge sharing across projects, ability to learn 
from prior errors, ability to keep deadlines, ability to discuss 
requirements directly with the customer etc. Altogether all 
statements did in some way or another relate to the ability to 
define “appropriate and knowledge based tolerances”. One of 
the statements (S4) that were placed closest to the “time of 
determination” of the tolerances yield significant differences 
(p=0.04) leaving Div. A. with the highest score. When this 
finding was discussed in the internal presentations comments 
highlighted that the question hardly captured the recent 
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increased attention to product-/process-reviews within the 
manufacturing department of Div.B. The lower degree of new 
development in Div.B was also used as an argument 
explaining the significant differences. 
3.2. Differences based on leadership responsibility 
Leaders and non-leaders hold generally a similar perception 
of current TE practice. Some significant differences are yet 
worth mentioning (Tab. 3). Leaders stated (unsurprisingly) 
they spend less time on tolerances related to product-/process-
parameters than employees (S10). A similar pattern is seen in 
the level of education (higher education Æ lower attention on 
tolerances). Leaders also rate the statement collaboration 
across departments (S11) significantly (p=0.017) higher. Both 
the smaller SD (leaders) which indicates a more coherent 
understanding and the lower mean value (employees) 
represent a potential for more knowledge sharing on 
tolerances and variation by organizational collaboration.  
Table 3. Statistical values; differences between leaders and non-leaders 
S: Statement topic Leaders 
[M/St.D] 
N-Leaders 
[M/St.D] 
10 I spend large parts of my time on tolerances 2.90/1.40 3.68/1.59 
11 Organizational collaboration across departments 4.48/0.81 3.84/1.19 
12 Our PD department has tools supporting TE  4.70/1.26 4.11/1.32 
13 Our PD department applies tools supporting TE 3.58/1.09 3.62/1.30 
Another significant (p=0.005) difference between leaders 
and non-leaders is seen in making tools supporting TE known 
in the organization (S12). Leaders apparently know more 
about the existence of such tools supporting the activity than 
non-leaders. Yet, for both groups the SD is rather large 
indicating a quite diverse insight in the existence of such tools 
including their potential benefits or limitations. Although not 
significant; S13 shows that there is still a way to go for the 
organization from “knowing about” to “actually using” the 
tools that supports an improved quality of TE.  
3.3. Differences PD vs. Manufacturing focus 
The respondents placed themselves on a sliding scale 
related to their job content nature ranging of “PD” and 
“manufacturing” (Fig. 2). 46% of the respondents stated to 
have 75% or more job-content of PD-nature. The statements 
of the nature “we frequently talk about..” captures the general 
awareness on a given phenomenon. It is worth noting that 
there is a significant larger attention to both (S20) tolerances 
(p=0.016) and (S21) variation (p=0.027) within the group 
closer to the manufacturing side (see Tab. 4).  
Table 4. Focus on tolerances vs. variation dependent on job-content [M /St.D] 
S: Statement topic ≥ 75%  
PD 
>25 % 
Manuf. 
20 We frequently talk about tolerances 4.33/1.34 4.93/1.10 
21 We frequently talk about variation 4.00/1.30 4.59/1.28 
A hypothesis that tolerances are more strongly talked about 
in the environment where they are determined thereby fails. 
One reason for this is that the PD activities are regarded as a 
complex activity consisting of several other considerations in 
addition to those related to tolerances. 
3.4. Differences Product vs. Process- focus 
The respondents placed themselves on a sliding scale 
between “product” vs. “process” job content –focus (Fig. 2). 
47% of the respondents stated to have 50% or more job-
content of “product-focus”. This scale becomes a less 
polarized assignment (than PD vs. Manuf.) which indicates 
that the activities of product- and process related 
considerations tend to be of a mixed nature. Differences 
between the perception one has of one’s own practice and the 
perception by others become visible in the statements below 
where product-focused engineers judge their ability to define 
(S30) tolerances significantly (p=0.015) better than the 
process focused ones. The same pattern is seen in the extent of 
including manufacturing knowledge in PD (S31) (Tab. 5). 
Table 5. Focus on tolerances vs. variation dependent on job-focus [M /St.D] 
S: Statement topic > 50%  
Prod. focus 
≥50 % 
Process-fo. 
30 PD-dept. works well on tolerance definitions 3.86/1.05 3.33/0.89 
31 We include manufacturing knowledge when 
considering functional requirements 
4.34/0.90 3.90/0.94 
3.5. Challenges in the current practice 
Altogether 60 specific comments relate to questions on 
current organizational challenges in their TE practice. Several 
of the comments addressed how existing insight in variation 
can (and should) to a larger extent be “looped back” to the 
tolerance definition activities. A respondent from Div.B 
working mostly within PD said it clearly; “we need to better 
understand how tolerances impact product performance”. 
Another employee working on QA from Div.A mentioned a 
similar topic more complementary by stating “we need to 
improve our ability to distinguish critical and less critical 
characteristics, as it improves our ability to follow up the 
critical ones”. Two other statements expressed employee’s 
expectations on how managers should address the topics of 
tolerances and variation. A PD engineer in Div.B requested 
“more focus by the managers, more knowledge among design 
engineers” and more specifically in which phase of PD as a 
PD engineer from Div.A states; “added focus in the early 
phase of product development. When the products are ready 
for series production it’s hard to change the tolerances”. Both 
employees address clearly the importance of educating the 
engineers explicitly on tolerancing, achieve the management 
attention and keeping overall perspective on TE activities. 
3.6. Towards unified tolerancing awareness 
Altogether 60 and 47 specific comments were given by the 
respondents in the open questions related areas of "challenges 
within" and "good TE practice" respectively. Subsequently 
survey result analysis of the findings was discussed in 
different sessions with employees from both Divisions. Those 
included presentations and discussions with technical 
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directors, QA managers and PD managers. In addition the 
engineering team applied a workshop which included sharing 
of reflections on the specific comments. A list of prioritized 
tasks for further quality-improving TE activities emerged from 
this workshop. Despite the general high level of TE quality in 
the company such sessions contributed to an even higher 
understanding of the importance of keeping a particular focus 
in the critical situations related to the several (but short) 
tolerance definition time spots within a PD projects, continued 
training efforts and increased management attention. 
4. Discussion 
Altogether a rich picture of several aspects of the TE 
complexity was provided via the survey results and 
subsequent discussions. The company as a whole ranked the 
extent of applying DoE at a relatively low level (S1). 
Compared to other industries this finding is unsurprising as 
there have been several reports [48,49] showing the 
challenges companies have in adapting DoE to their preferred 
way of working. Still there exist several suggestions on how 
to overcome these challenges [23,50]. Solving the obstacles 
on applying DoE is considered to be a main challenge towards 
an even better understanding of parameter variation. In 
addition DoE is a generic approach suitable for mechanical, 
electronic and chemical issues. Another organizational 
challenge is seen in applying technical support tools such as 
SPC for low-volume production (S2) and to increase the 
awareness on accessing and reusing existing TE knowledge 
(such as SPC-data) from the manufacturing department. 
Altogether an even higher score on the importance of 
conducting product-/process-reviews (S3) can be desired as it 
represents a good meeting place [51,52] between functional 
areas and a critical point [42,53] in time where tolerances can 
be examined thoroughly. The survey explored how employees 
placed themselves on a sliding scale between PD vs. 
Manufacturing focus. One intention of asking such questions 
related to the topics of “tolerances” and “variation” was to 
explore the shifting awareness on these two clearly 
interrelated topics [54,55] between the respondents with 
different job content. This insight is useful as the “internal” 
impression on own practice often differs from the "external" 
perception of the same activity. This illustrates the importance 
of sharing knowledge across functional areas. An increased 
value of “talking about” tolerances (S20) within the PD 
department is desirable. Simply addressing tolerances more 
frequently increases its focus and awareness; and awareness is 
a good starting point for changes [56]. This also counts in the 
same way for Product vs. Process focus for anyone who wants 
to improve the organizational practice of TE. 
The statement on critical characteristics (Ch.3.5) is 
perfectly in line with the principles of robust design [57] and 
similar approaches on Critical Parameter Management 
[58,59]. The honest statements revealing areas of improving 
the PD-practice have general value as other companies are 
reported to have similar challenges to fully implement the 
robust design principles in their organization [49,60]. 
On top of linguistically tolerancing skills (e.g. GD&T) 
good TE requires insight in variation. Manufacturing 
imperfection [61] can easily be underestimated when 
designing in a “perfect” CAD-environment. So by merging 
the tolerancing language with variation insight can good 
tolerance analysis [62] occur towards robust designed 
products [63]. But tolerances, variation and robustness are 
challengingly large topics drawing on different sources of 
knowledge, both of tacit [64] and explicit nature such as SPC-
data [41]. So engineering collaboration and management 
attention is so needed to close the TE loops of an organization 
[14]. 
The CLTE-model [33] is seen as a potential support for 
communicating the interlinked and complex nature of TE. 
Closed Loop Tolerance Engineering occurs when an 
organization is able to capture and reuse the right knowledge 
that supports the definition of appropriate tolerances. This is a 
job too complex and important to be left as an activity among 
a small group of experts. 
5. Conclusion and further work 
A survey on TE was designed with basis in the CLTE 
model and carried out within the PD-part of an industrial 
company. Answers from industry professionals yield insight 
on TE activities from a holistic and organizational perspective 
across functional borders and activities. Overall employees 
recognize the importance of TE in order to develop products 
with appropriate limits on specification. A good collaborative 
environment with a trusting relationship between employees 
and leaders was identified. Further data shows a positive 
attitude of the job as an arena for learning and personal 
growth. Few employees state that they spend considerable 
time on supporting tools/methods (e.g. tolerance analysis) in 
TE. The latter contradicts the high importance TE activities 
was given (S0). The survey confirms that tolerancing activities 
are more rarely performed by employees with higher 
education than others. Leaders spend significantly less time on 
tolerances than employees. There exists an open environment 
of discussing technical details with the management. 
Altogether a challenge is seen in making it desirable to apply 
tools and methods supporting TE activities at an early stage of 
the PD process. Further the management is challenged on 
developing a TE vocabulary and to increase the management 
attention on tolerancing importance by linking tolerance 
decisions directly to product cost or functional performance. 
This paper has provided a contribution to theory by 
applying a survey designed to map the organizational 
perception on its TE practice. This is important as industry is 
suffering, often unknowingly about gaps in their TE practice. 
Further research including survey-based data gathering in 
other companies, possibly revealing general challenges on TE 
practice, can contribute to a new and extended organizational 
focus on TE research. 
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